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We present a method for differential ratiometric measurement of reflectance change due to molecular adsorption using a diffractive microstructure fabricated on a reflectance contrast enhancing substrate for bulk refractometry and surface molecular binding detection applications. The differential method suppresses signal fluctuations due to thermal or concentration gradients in the sample flow cell by more than 40Â and enables the real-time measurement of molecular interactions on the surface with a noise floor of about 70 pm. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4766190] Label-free optical sensors to detect bio-molecular interactions based on the reflectance change produced by specific molecular binding on functionalized thin film structures have been extensively reported in literature. [1] [2] [3] [4] [5] [6] Such devices, referred to as reflectance modulation (RM) sensors in this article, are typically fabricated by growing an oxide layer on silicon substrates. It can be shown that the reflectance change upon the adsorption of a molecular layer with a purely real refractive index is maximized on a substrate possessing a purely imaginary reflection coefficient of 6j1/ͱ3. 5, 6 A silicon (Si) substrate with a silicon dioxide (SiO 2 ) layer of about 140 nm thickness achieves a net reflection coefficient close to this optimal value. 7 Biological receptors such as antibodies or DNA can then be immobilized on the oxide layer, typically as an array of micro-spots, and interactions of these receptors with target molecules in a sample, can be monitored by the optical reflectance change of these micro-spots, which is obtained either by laser scanning or in an imaging mode. 5 Real-time, in situ monitoring of bio-molecular interactions is often desirable which, in the case of sensors described above, necessitates the input beam path to pass through the sample flow cell on top of these sensors (e.g., as shown in Fig. 1(a) ) and be reflected back to the detector, unlike evanescently probed sensors such as those based on surface plasmon resonance (SPR) where the illumination is from the back-side and does not pass through the sample flow cell. 8 Illumination through the sample flow cell causes signal drifts, which arise out of thermal and concentration gradients in the sample cell, which often have the same timescale as the bio-molecular interactions being measured, to corrupt the bio-molecular signal. Here, we present a device design which permits a differential, ratiometric measurement of the reflectance change from RM sensors which eliminates these signal drifts from the sample flow cell. The differential ratiometric measurement is enabled by fabricating diffractive micro-structures on the top of a Si/SiO 2 thin film structure as shown in Fig. 1(a) . The fabrication process of the sensor consisted of thermally growing an oxide layer on a silicon substrate to a thickness of 140 nm, followed by photolithographically defining a 2D array of 10 lm diameter circular features with 20 lm periodicity along either axis on a positive tone photoresist. Etching the exposed oxide layer using dilute hydrofluoric acid followed by photoresist stripping in acetone resulted in the formation of a 2D grating with a periodic variation of the complex valued reflection coefficient r(x,y) with values r 1 and r 2 , corresponding to the two different oxide layer thicknesses d 1 and d 2 , as shown in Fig. 1(b) , with values 140 nm and 50 nm, respectively. The complex reflection coefficients r 1 and r 2 were calculated using a 2 Â 2 transfer matrix method 9 and the far-field diffraction pattern, which under the assumption of a uniform beam profile, is proportional to the Fourier transform of r(x,y), 10 was computed to obtain the scaled intensities I 0 and I 1 of the zero and first order diffraction peaks, respectively, as denoted in Fig.  1(a) . For the calculations, we used the device geometric parameters mentioned above and used the refractive index values 3.881 þ j0.0189 (Ref. 11) and 1.5 for the Si substrate and the SiO 2 film, respectively. For calculating the signal change due to surface adsorption, we used a refractive index of 1.52 for the adsorbed molecular layer corresponding to the polymers described later in the article. The results of this computation, shown in Figs. 1(c) and 1(d), show that the first and zero order diffraction peak intensities respond differently to the changes in refractive index of medium (bulk refractometry) or adsorption of a molecular layer on the sensor surface (surface adsorption). The zero order diffraction intensity I 0 appears as a "dc value" corresponding to an "average" reflectance from the patterned surface while the first order diffraction intensity I 1 corresponds to the complex valued difference between r 1 and r 2 . For example, in the case of bulk refractometry, shown in Fig. 1(c) , when the refractive index of the medium is 1.5, equal to that assumed for the oxide layer, there is no optical contrast between the etched and the non-etched oxide layers and therefore the first order (and all higher orders) goes to zero while the zero order or dc value does not change appreciably in the entire range of refractive indices considered for the calculation. More importantly, it is seen from Fig. 1(d) that even a homogenous surface adsorption on the patterned surface leads to difference in r 1 and r 2 , resulting in a significant change in the first order but leaving the zero order relatively unperturbed. This means that molecular interactions can be probed without creating a pattern of bio-molecules in the form of a microarray a)
Author to whom correspondence should be addressed. Electronic mail: mvarma@ece.iisc.ernet.in. 191103 (2012) unlike previous work based on in situ formed bio-molecular gratings. 12 As the zero and first order diffraction signals essentially propagate through the same optical path, they provide an excellent mutual reference for correcting systematic drifts in the signal and thus enable accurate real-time measurement of bulk or surface molecular interactions. Furthermore, the method presented provides an interferometric signal between the complex valued reflectances r 1 and r 2 , unlike previous work reported in Ref. 7 , where only the amplitudes of r 1 and r 2 are measured. Very recently, a diffractive structure has been used for biolayer imaging exhibiting an enhanced linear response due to the reason mentioned above. 13 In our experimental setup, the collimated, TM polarized output from a 633 nm, 5 mW laser diode is incident on the sensor at an angle of 65 . The beam is chopped using a mechanical chopper at a frequency of about 1.5 kHz and passes through the flow cell and a diffraction pattern is formed due to the 2D grating on the sensor surface, as shown in Fig.  1(a) . The intensities of the zero and first order were roughly balanced by using neutral-density filters of 3 and 0.6 OD, respectively, and collected by two identical Si photodetectors (Thorlabs DET100A), whose output was sent to two lock-in amplifiers (Stanford Research Systems SR830). The detectors were placed approximately 50 cm from the sample and were separated by about 10 cm. A 12 mm diameter acrylic chamber was placed on top of the sensor and glued to the oxide base using double-sided adhesive to create a 30 lm deep flow cell. The diffracted orders were collected on the photodetectors through apertures to reduce stray reflection, for instance, from flow cell surface. Samples were flown into this flow cell through Teflon tubes driven by syringes.
To evaluate the signal drift compensation ability of the differential RM sensor described here, we performed a bulk refractometry experiment using ethanol-water mixtures. Figure 2 provides a dramatic illustration of the noise compensating abilities of the proposed ratiometric detection scheme. The refractive index values for ethanol-water mixtures have been reported extensively in literature and it has been observed that the refractive index of this mixture is not a linear function of the ethanol (or water) fraction.
14-16 Specifically, it is seen that the refractive index reaches a maximum value around 80% ethanol content. 16 To observe this wellattested behavior and to compare the experimental observations to the theoretically expected ones, we introduced ethanol-DI water mixtures of 20%, 40%, 60%, 80%, and 100% ethanol content by volume into the sample cell at instances denoted by the arrows in Fig. 2 , respectively. The experiment started with the sample cell containing DI water and at the end of the experiment we filled the sample cell again with DI water to recover the initial signal. During the experiment, the diffraction peak intensities I 0 and I 1 were monitored continuously. We see from Fig. 2 that the signal drift in each individual channel completely swamps out the effect due to change in refractive index of the medium making the individual channels useless for measurement of bulk refractive index. However, the ratio signal I 1 /I 0 gets rid of these drifts and shows a step function response to the changing refractive index of the sample above the sensor. This ratiometric measurement was able to suppress the noise by a factor of 40. The noise level of the ratio signal corresponds to about 0.3% of the mean value. Using the refractive index of water and ethanol as 1.33 and 1.36, respectively, the limit of detection for bulk refractometry using this setup was found to be 9 Â 10 À5 RIU. Finally, we also observed that 80% ethanol content gave greater optical contrast than that of pure ethanol, consistent with literature reports. 16 In addition to this qualitative agreement, we also compared the experimentally observed ratio signals to the theoretically expected ones by normalizing the signal changes with respect to the starting value, which in this case was n ¼ 1.33 for DI water. We used the refractive index values from Ref. 16 for ethanol-water mixtures to calculate the theoretically expected values. Figure 3 shows a good match between theory and experiment within the uncertainties involved in the experiment and calculation.
To demonstrate that this sensor can also detect surface binding, we measured the layer-by-layer (LbL) assembly of cationic polyelectrolyte poly(allylamine hydrochloride) (PAH, Mw $ 15 000 Da) and anionic polyelectrolyte poly(acrylic acid) (PAA, Mw $ 2 00 000 Da), on the oxide surface. Polyelectrolytes are charged polymer species which electrostatically adsorb on surfaces exhibiting opposite charge in a self limiting assembly process. 17 By alternately exposing a substrate to cationic and anionic polyelectrolytes, it is possible to create polyelectrolyte multilayers through LbL assembly. We had earlier used polyelectrolyte multilayers for substrate independent attachment of protein or DNA onto glass, metal, or even plastics. 18 PAH and PAA were purchased from Sigma Aldrich and were dissolved in DI water at a concentration of 0.01 M at pH 5.5 for this experiment. We introduced PAH and PAA to the sensor surface alternately to adsorb 4 bilayers on the patterned oxide surface with a DI water flow-through after each polymer to remove the loosely bound molecules. The thickness per bilayer for the PAH-PAA system at pH 5.5 is about 7 nm. 17, 19 Figure 4 shows the experimentally observed diffraction intensities I 0 and I 1 as a function of the polyelectrolyte layer by layer build-up process. We observe an increase in I 1 and a relatively constant I 0 as expected from the theoretical calculation shown in Fig. 1(d) . However, the overwhelming signal drifts make it impossible to reliably use the I 1 channel for measurement of surface adsorption. The ratio I 1 /I 0 gets rid of the systematic drift and provides a relatively stable measure in spite of the large signal drifts possibly arising from the sample cell. Based on the experimentally observed noise floor and the layer thickness of the polyelectrolyte monolayer, the limit of detection is about 70 pm.
In conclusion, we have shown that a differential reflectance modulation detection scheme using micro-diffractive elements on a thin film substrate is able to significantly suppress signal drifts arising due to thermal or concentration gradients in the flow cell for real-time measurements. We have shown a limit of detection of 9 Â 10 À5 RIU for bulk refractometry as well as the ability to monitor surface adsorption of molecular species in real-time with sub-nanometer precision. We believe that this device structure presents a simple configuration that would be of for label-free point of care lab-on-chip devices. By combining the differential ratiometric read-out method described here with polyelectrolyte based substrate independent functionalization 18 on low cost all polymer reflectance modulation sensors, 6 we may be able to create a cost-effective strategy for label-free point of care testing. FIG. 3 . Experimentally observed signal change for bulk refractometry data shown in Fig. 2 was compared with a transfer matrix based method to calculate the 2D periodic complex reflectance map r(x,y) followed by a Franhoufer diffraction calculation from r(x,y). A good match between theory and experiment is observed. FIG. 4 . Measurement of layer-by-layer growth of polyelectrolyte films comprising PAH and PAA. The thickness estimated from the change in the ratio signal is about 7 nm per bilayer based on which the limit of detection is calculated to be about 70 pm. We wish to acknowledge the financial support received from the National Program on Smart Materials (NPMASS), through Grant PARC#4.6 and the Ministry of Communication and Information Technology (MCIT) through Grant MITO075 for undertaking this work. In addition, we acknowledge the support of the Applied Photonics Initiative at IISc for loan of optical components.
